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Abstract 

Analysis  for  copper,  zinc  arsenic  and  leod  vvas  perfomned  on  o  voriety  of  solia 
particle  matrices  using  a  portable  high  resolution  x  ray  Ituorescence  (XRn 
spectrometer  All  quonhiative  delerminotiorts  were  bosed  on  on  instrumental 
calibration  method  that  uses  a  single  cerMied  reference  material  to  establish 
elemanlal  response  factors  and  th«  Compton  K,,  peoA  to  normoii/e  tor  matu 
disaeporKies  This  simple  opprooch  to  XRf  anotysis  circumveres  (he  rieed  ic 
ocquire  motnx  matched  standards  tor  either  ampetcoi  coettiuents  or  tundomen 
rot  porometer  methoos  ct  calibratwn  Prehmirxr,  resuBs  show  tvjf  response 
lorton’Complon  K,,  peoS  normoii/ahon  is  a  promismg  opproocn  wher-  sa«r' 
mg  ioJ  these  metois  m  sols  dust  pont  ctups  and  mcmemied  srudoc' 
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Screerdng  for  Metals  by 
X-Ray  Fluorescence  Spectrometry 
Using  a  Single  Calibration  Standard 

ALAN  D.  HEWirr 


INTRODUCTION 

I3ulh  natural  and  anthropogenic  levels  of  met¬ 
als  in  soil  are  of  human  health  concern.  X-ray 
fluorescence  (XKF)  spectrometry  is  a  nondestruc¬ 
tive  method  of  total  metal  analysis  that  requires 
very  little  sample  preparation.  For  this  reason  XKF 
IS  an  efficient  and  cost-effective  means  of  identify  ■ 
ing  and  quantifying  pollutant  metals  in  solid  ma¬ 
terials  during  remedial  investigations  and  teasi- 
hility  studies  (Kl/F'S)  for  hazardous  waste  .site 
investigations.  Moreover,  on-site  screening  for 
ptillulant  metals  with  XKF  has  reieived  the  ap- 
jHoval  of  the  U.h.  Environmental  I’rotecfion 
Agency  (EI’A  EW7)  Ihedata  qu.dity  sivcification 
often  recommended  for  field  sen'ening  by  XKF’ 
analysis  is  a  precision  of  ±10'/^i,  an  accuracy  of 
tfi()‘!'ii  and  detection  limits  ot  less  than  KXX)  parts 
per  million  (Kaab  et  al.  lire  main  objevtive 

during  tield  .screening exercises  is  toquickly  Un  ate 
and  delineate  the  areas  of  heaviest  contaminaf  ion. 
Several  studies  have  demonstrated  XKF's  ability 
to  satisf)  thesi-  criteria  by  using  r'ither  laboratory- 
ba.sed  (Fiust  et  al.  I'JHS,  Crujtp  et  al.  N8U,  Watson 
etal.  lSH9,Harding  lWl)or  field-portable  instru¬ 
ments  (I’iorek  and  Khodes  1SH8,  Ash  I't  al.  IWl, 
C'arl.son  and  Alexander  IWl,  Driscoll  et  al.  I'Wl, 
C'larby  IWl), 

In  the  past  most  of  the  field-portaUle  XKF  site 
screening  was  performed  with  systems  equipped 
witlt  gas  proportional  detectors.  This  type  of  de¬ 
tector  has  a  spectral  re.solution  of  about  UXX) 
i‘lectronvolts(eV),  restricting  its  suitability  tocases 
where  a  single  metal  was  being  determined  or 
where  the  metals  of  interest  have  well-resolved  X- 
ray  fluorescence  peaks.  Kecently  a  new  generation 
of  field-portable  XKF  systems  have  become  avail¬ 
able  (Ashe el  al.  Ih'll,  Driscollet  al.  IWl).  Tliey  are 
equipped  with  silicon  (drifted  with  lithium)  lSi(Li)l 
or  mercuric  iodide  (Hgl2)  detectors  with  resolu¬ 
tions  of  170  and  3(X)  eV,  respectively.  Tliese  field- 
transportable,  high-resolution  systems  can  pro¬ 
vide  unambiguous  qualitative  identification  of 


more  complex  mixtures  of  metals  in  environmen¬ 
tal  samples  by  generating  the  same  unique  metal 
spectra  as  the  more  expensive  laboratory-based 
systems.  The  major  difference  between  field  and 
laboratory  instruments  is  that  the  former  have  a 
scaled  radioisotope  as  tlieprimary  radiationsource. 
These  sources  are  smaller  and  less  energetic,  so  the 
portable  instruments  arc  not  as  sensitive  as  most 
laboratory-based  systems.  The  selection  and  num¬ 
ber  of  sources  that  can  be  installed  in  a  field- 
portable  XKF  instrument  control  the  range  of  ele¬ 
ments  that  can  be  detected.  This  combination  of 
s4Mled  primary  sources,  along  with  a  detector  re¬ 
quiring  a  liter  or  less  of  liquid  nitrogen,  nticropro- 
ces.sors  and  rev  hargeable  battery  packs,  has  al¬ 
lowed  for  the  const  ruction  of  rugged,  compact  and 
lightweight  instruments  capable  of  .scweral  hours 
of  remote  operation  (manufactured  by  HNU  Sys¬ 
tems  Inc.,  Specfrace  Instruments  Inc.  and 
Outokumpu  Electronics). 

Tixiay  the  manufacturers  of  these*  field-por¬ 
table,  high-resolution  XKF  systems  are  fiKusing 
llieir  attentii>n  on  the  user  friendliness  and  the 
robusfne.ss  of  applications  for  environmental 
.s.unple  analysis.  Applications  that  arc  in.sensitiv* 
to  s^uiiple  matrices  are  nece.s.sary  in  order  to  liiOii 
the  number  of  calibration  standards  requi''.'  (  tt> 
handle  the  diverse  range  of  samples  tha'  i  an  be 
encountered  during  a  hazardous  waste  ite  inves¬ 
tigation  (e.g.  sriil  composition,  sludge,  dust,  paint 
chips,  etc.). 

Two  of  the  field- portable  XKF  iiislruments  cur¬ 
rently  being  marketed  are  <'.,pable  of  analyses 
based  on  empirical  calibration  roc'fficicnts,  which 
requires  the  entry  tif  sevr  r  al  site-specific  or  generic 
matrix  standards  (I  INU  Systems  Inc.  and 
Outokumpu  Electr- ■nics).  Tlie  HNU  instrument 
also  has  a  Compton  peak  normalization  analysis 
method.  Ihe  other  manufacturer  (Spectrace  In- 
stnimenls,  Inc.)  offers  only  a  fundamental  param¬ 
eters  analysis  method  for  environmental  samples. 
The  major  advantage  of  using  fundamental  pa¬ 
rameters  for  quantitative  metal  evaluations  is  that 


the  sample  analysis  is  not  delayed  by  having  to 
either  establish  site-specific  standards  or  enter 
multiple  calibration  points  for  each  sample  matrix 
or  both. 

Until  robust  (matrix-insensitive)  fundamental 
parameter  applications  are  universal,  Spittler*has 
proposed  that  the  accuracy  necessary  for  a  pre¬ 
liminary  site  investigation,  for  many  of  the  more 
frequently  encountered  metal  pollutants  such  as 
lead  (Pb),  arsenic  (As)  and  zinc  (Zn),  could  be 
achieved  by  a  single-point  instrumental  calibra¬ 
tion  method  that  includes  a  matrix  normalization 
parameter.  Tliis  method  requires  only  a  single 
certified  reference  material  containing  the  analytes 
of  interest  in  a  matrix  that  is  physically  consist' -t 
with  the  samples  (particles),  plus  normali/.atii-.nof 
the  incoherent  radiation  backscattering.  Incolier- 
ent  radiation  backscatter  is  caused  by  the  liglit 
elements  and  the  analyte  concentration  in  the 
sample  matrix.  Traditionally  the  ratio  of  the  inco¬ 
herent  (Compton)  and  colierent  (Rayleigh)  back- 
.scatter  has  been  usc'd  for  matrix  correction  with 
environmental  samples  (Nielson  and  Sander:- 
Christensen  and  Urabaek  K.uhetti  and 

Wegscheider  PtWi).  However,  to  tulfill  the  objei  - 
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live  of  field  screening,  only  the  intensity  of  the 
former  peak  is  necessary. 

In  this  study  1  evaluated  the  utility  of  environ¬ 
mental  sample  analysis  based  on  a  single  certified 
standard  and  normalization  for  the  incoherent 
back.scattering.  Tliis  preliminary  effort  covered 
the  quantification  of  copper  (Cu),  Zn,  As  and  Pb  in 
a  wide  variety  of  solid  particle  matrices. 

XRF  ANALYSIS 

The  detection  of  metals  by  XKl'  analysis  is  the 
re.sult  of  the  emission  of  element-Sjvcific  energies 
(pirotons)  that  occurs  when  an  electron  fiom  an 
outer  orbital  lo.ses  energy  in  order  to  fill  a  void  in 
.in  inner  shell,  lliis  emitted  energy  is  called  X-ray 
fluorescence  and  is  measured  in  kilcwlectronvolts 
(keV;  1  keV  -  UKX)  eV).  The  electnm  vacancy  in  the 
inner  shell  (the  nonvc.lence  shell)  is  creatid  bv 
exposure  to  a  beam  I'f  gamma  or  X-ray  energy  that 
is  close  to  and  above  its  exc  itation  energy  (big.  1 ) 
Ihe  probability  lor  an  electron  to  become  excited 
and  ejivted  from  .i  .shell  increases  with  a  decreas¬ 
ing  difference  between  incident  and  excitation 
I'liergy  levels.  Tor  examph’,  the  incident  energies 
(two  levels)  coining  from  the  primaiy  cadmium- 
It)')  ('"'*<. ’d)  X-ray  .source  are  21 .  l(i  and  22  ke\', 

which  are  more  likely  to  causi>  eli’cti  ons  to  be  lost 
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I  2.  K,,.  K|i,  I  I  n  I'liif'i 


frum  llu'  K  sill'll  ul  si'li'niimi  (Si‘),  ivilh  .in  I'Xitl.i 
linn  I'lii'i  j^y  li’\  i‘l  nl  12,(>(’  kcV,  tli.in  (i  nin  V  r,  with 
.1  I  urn’s|niiuiinv;  cxi  it.ition  Icvi  l  ol 

kfV. 

(.  M  till'  inct.iN  ili'ii'i'l.il'ii'  l’\'  M\1  .in.ilv'-is,  tlu'  K 
.mil  I .  I'li'i  lion  i.lu'lls  .111'  the  niU's  must  lii'iiucnth' 

i  jbU'  I,  I’riiiury  sourcivs  .imi  atialyb'  linos  fur 
inotals  of  onviroiunoiilal  ooncorM  Ilia!  can  bo  do- 
toctod  by  XKl''  spoi'trono.’tty. 
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filled.  These  two  letters,  alunj;  with  a,  |f  anil  y 
subscripts  denoting  the  outer  shells  from  which 
theeleclrims  fell  (I'ig.  2),serve.is  ihenoniencl.iture 
for  the  iliscrele  sped  r.il  energies  measured.  More¬ 
over,  since  there  is  more  than  one  aloiiiic  energ) 
level  (shell)  from  which  an  electron  can  fall,  there 
are  always  at  least  two  emis.sion  energies  for  each 
element  (I'ig.  2).  I'or  this  reason  the  spectral  ener- 
giesof  greatest  interest  for  the  analysis  of  pollutant 
metals  are  the  K,<,  K|i  or  the  I,,,,  l.|)  spectral  lines 
(lable  1). 

I’rolMbilily  also  comes  into  play  for  the  elec 
Irons  filling,  the  void  created.  The  speclr.il  inten¬ 
sity  ratiosof  tlieixand  (k'lnission  peaks  is  7;  1  when 
a  K  shell  is  filled  .ind  for  the  1,  shells.  It  is  much 
I'asier  to  olcserve  the.se  emission  jn-ak  ratios  with  a 
high-re.solution  XKl'  spectrometer,  thus  aiding  in 
the  identification  of  a  .sample's  elemi’iital  compo 
silion.  I'lirthermore,  sinci'  .i  high-re.solution  XKl' 
i  an  re.solve  .ill  the.si'  tx.ind  jl  pisiks,  it  .illinvs  fin  the 
M'leclionoia secondaiy  pe.ik  lorLju.inlitalii'e.inalv 
SIS  when  the  energies  ol  two  emission  pe.iks  (lom 
dillerent  elements  overl.ip. 

I'lgme  t  IS  an  ex.imple  ol  Ihespei  ii  uiii  obtained 
with  .1  high  resolution  port.ihle  XKl'  svstem,  1  his 
.malvsis  was  peilormed  on  .in  aiiiieous  solution 
I  ont.iinmg  lliiH)  mg  / 1.  e.ich  ol  t  r,  nickel  (Ni),  t  ii, 
/.n.  As.md  Se.  I  he  mteiisiliesol  e.u  h  ch.ii  .ii  tei  istii 
K,,  pe.ik  nil  riMsi's  lor  the  s.ime  aii.iK  le  i  oiu  entr.i 
t ion  lu'i.uisi' it isi  I  eleelemeiit.il  evi  il.ition  eiu  rgii's 
.uesuiiessii'elv  i  losei  to  the  iiu  iilent  eiiergv  gen 
ei.ited  hv  the  '"‘'t  il  r.idio.ii  live  source.  In  .uidi 
lion,  the  7.1  inteiisiiv  i.ilio  between  K,,  and  Kn 
pi'.'ks .  ,in  be  si'on  lor  /n,  As  .iiul  So. 
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INS  I  KUMI  N  I  A  I  ION 

lire  iiistiument  us»'d  in  this  '.tiuiv  w.is  the  .\ 
Met ‘'211 1*,  hitokiimpu  I'lectronics)  X  i.U'  speciro 
photomelei  1  his  ^.vsleni  '  •  eijuippeii  with  .1  Si(  1  1 ) 
eireigvdispersn  edetei  ti  .  asm  lace. m.ilvsis probe 
.mil  ’'’‘X  vl  .md  .imi'ii.  ai  211  (’"Am)  prmi.in- 
i.rdioactive  sources  1  he  comliination  ol  these  two 
pi  mi.ii  V  sou  ices  allows  tor  tlieestim.rtioii  ol  .ill  the 
lliet.lls  listed  111  l.lble  I  IheSltl  l)  seniicoililui  toi 
ili'tei  loi  li.is.i  resolution  ol  17l)e\'  .mil  is.  onled  bv 
.1  n 'i  I  liiiuid  nilri'geii  ii'M'rvoii.  A  pre.implil led 
sign.il  issimt  'rom  this  detei  lor  to  ,i  iinilli  ch.innel 
an.ilv/ei  (M(  A ),  i\  liu  h  sep.ii  .ites  the  eiiei  gv  sjiei 
tiuiii  into  2tU.S  ih.iniiels  1  hese  ih.mnels  cone 
^poiiii  111  spei  tr.ll  i  lU'igies  (keV),  .liui  till'  luimbei 
ol  counts  stoii-ii  in  e.u  h  i  h.innel  nulu  ,.te'.  sigii.il 
iiili'irsitv  I  he  NK  A  is  honsi-ii  m  .i  .  omputei ,  the 
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>1,  Spcciniiii  of  o  solution  loiitainini^  KMX)  iny/L  ofCr,  Ni,  Cu,  Zn,  As  and  Sc. 


solL'cliiin  of  whicl\  allows  tlio  sysfiin  to  oither  bt* 
cajiablo  of  eight  hours  of  battery-pack-iiowerod, 
in-situ  analysis  or  continuous,  AC-priworcul,  on¬ 
site  analysis. 

I  'igurc  .T  is  an  cxaniplc  of  a  25(>-channol  spectral 
output.  All  ol  ill.'  major  eiirission  peaks  of  the.se 
elemeitts  are  wi'll  resolved,  allowing  for  rapid 
elemental  identification.  In  compari.son,  gas  prt>- 
portional  detectors,  with  .>  re  .olution  of  around 
ItXX)  eV,  would  not  be  capable  o(  resolving  Kie  Ni, 
('u  ..'id  /n  emission  peaks  oi  the  As  and  S»’  peaks 
shown  ii\  I'lgure  .1  Cl  able  1). 

The  X-Met  U2t)  system  w.is  configured  for  on 
site  analysis  of  bulk  samples  held  in  either  .tf-  or 
40  nun  diameter  i  ups.  bield  .samples  r  oilected  for 
on  site  analysis  are  often  drier!  and  sn-ved  prior  to 
analysis.  Several  studies  have  found  that  these 
two  operations  can  be  pertormed  m  less  tfian  a 
couple  of  hours,  making  it  po.ssible  to  analyze  lens 
to  a  hundred  samples  in  a  siiigle  day  {Ciruppel  a!. 
1*189,  Ciabry  199]),  'llu-  bulk  of  the  particles  in  the 
samples  analyzed  during  this  study  ivould  pass 
throiigti  a  rU)-me.sh  sievi",  thus  h.iving  .in  .iverage 
size  of  <  UX)  pm. 

CALIBRATION 

liieally  a  calit'i,...  d  XKI-  systi'in  establishe.s  the 
total  iiu'tal  concentration  in  the  portion  of  tlie 
sample  that  is  irradiateii  rioring  analy.sis.  It  the 


sample  medium  is  homogeneous,  then  this  con¬ 
centration  estimate  corresponds  to  the  entire 
.s,unple  retained  in  the  cup.  Direct  measurement  of 
the  inten.sities  of  the  various  discrete  spectral  ener¬ 
gies  for  quantitative  interpretation,  however,  is 
often  confounded  by  other  elements  presc'nt  in  the 
■  ample  due  to  absorption  and  enhancement  ef¬ 
fects.  Ihe.si*  effects,  which  are  matrix-dependent, 
are  most  often  corrected  by  either  empirical  ciH'f- 
ficu-nts  or  lu'  fundanu'nt...  p.irameter  calibration 
methods. 

I’lnpirical  riH'ffu  ii'nts  .ire  dcri  red  after  several 
lahbr.ition  staiulard.s  have  been  analyzed.  These 
standards  can  be  made  from  well  charai'teriz.ed 
sile  spi-cific  materials  or  by  treating  cle.m  inateri- 
.ils  with  known  quantities  of  analytes  or  both.  This 
form  of  calibr.ition  requires  tlu-  use  of  several 
staiuiards  br.ickefing  the  .inalyte  i.mcentration 
range  of  interest.  I'or  example,  Table  2  shows  that 

.standards  were  nece.s.>ary  foi  tTie  .m.ilysis  of  a 
soil  lontaining  fivi-  metals  over  a  range  of  1)  to 
lO,(XX)pg/ g  (Piorek  and  Rhodes  1988).  Tlie  [irepa- 
r.ition  ami  verification  of  thesi-  sfamf.irds  couhl 
delay  the  start  of  an  investigation  by  as  much  as  a 
week  or  more,  particularly  when  contaminated 
site-specific  m.iterials  are  involved,  because  they 
must  beconfi>-nu'd  by  alternative  methods  of  total 
analysis,  b'urthermori',  if  site-tyciical. soil  standards 
areused,  attention  should  be  paid  to  the  .sand,iTay, 
calciumaml  iron  content  (I’iorekand  Rhodes  1988). 
T  hus,  .several  sets  of  calibration  st.indards,  one  fur 
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Table  2.  Set  of  calibration  standards  for  the  analysis  of  metals  in  soil. 


Conceniration  (ng/g) 


No. 

Cr 

Cu 

Z't 

As 

Pb 

1 

U 

0 

0 

0 

4960 

2 

0 

0 

0 

4957 

0 

3 

0 

0 

4611 

0 

0 

4 

0 

4907 

0 

0 

0 

5 

3304 

0 

0 

0 

0 

ft 

62.51 

6091 

3517 

2811 

937 

7 

.322 

241 

998 

9656 

3862 

8 

1965 

1964 

922 

491 

122 

9 

81 

488 

458 

977 

2929 

in 

2423 

9080 

8520 

6356 

1816 

n 

1265 

949 

6230 

3794 

6640 

12 

4530 

3881 

228 

243 

485 

13 

161 

2898 

1813 

120 

9660 

14 

0 

0 

0 

0 

0 

15 

0 

2916 

4560 

0 

0 

16 

0 

4857 

2734 

0 

0 

17 

u 

0 

0 

4934 

2960 

18 

(1 

0 

U 

2951 

4935 

each  specific  soil  type,  may  bo  necessary  for  a 
single  site. 

Fundamental  parameter  analysis  is  based  on 
physical  constants  (i.e.  mass  absorption  coeffi¬ 
cients,  jump  ratios  and  fluorescence  yields),  which 
eliminates  the  need  for  several  calibration  stan¬ 
dards  (Figura  1987, 1993).  However,  as  witli  em¬ 
pirical  calibration  methods,  the  best  accuracy 's 
obtained  when  the  reference  standaid  has  a  par¬ 
ticle  size  and  matrbe  density  similar  to  tlie  samples 
being  analyzed.  Tliis  requirement  may  also  im¬ 
pede  investigations,  since  very  few  commercial 
reference  materials  are  now  available.  Moreover, 
the  multiple-variable  approach  of  analysis  used 
by  both  fundamental  and  empirical  calibration 
methods  rely  on  commercial  software  develop¬ 
ment  and  microprocessing,  which  loaves  the  ana¬ 
lyst  witli  a  black-box  approach  to  environmental 
sample  analysis. 

i  he  analysis  method  used  in  this  study  for  Cu, 
Zn,  As  and  Pb  relies  completely  on  the  measure¬ 
ment  of  the  in  ten.sity  of  the  K^,  Kp,  Ln  or  Lp  spectral 
line  for  a  specific  element,  along  with  the  Compton 
Kn  backscatler  peak  (Fig.  3).  lliis  method  of  analy¬ 
sis  allows  for  the  determination  of  metal  concen¬ 
trations  in  environmental  samples  of  similar  physi¬ 
cal  state  (particles  <600  nm)  to  be  performed  once 
element-specific  response  factors  have  been  estab¬ 
lished  using  a  certif*-d  reference  material.  For  this 
study  a  finely  ground  .soil,  SRM  2710  certified 


reference  soil  from  the  National  Institute  of  Sci¬ 
ence  and  Technology  (NIST),  was  used  to  establish 
the  analyte  response  factors.  The  peak  counts  (in¬ 
tensities)  used  to  establish  tlie  response  factors  for 
Cu,  Zn,  As  and  Pb  are  shown  in  Table  3.  Even  witli 
a  high-resolution  XRF  instrument,  the  As  K<i  and 
Pb  La  lines  (10.532  and  10.549  keV,  respectively) 
overlap,  so  the  As  Kp  and  Pb  Lp  peaks  were  used. 

To  perform  this  method  of  analysis  with  the  920 
X-Mct  system,  the  energy  spectrum  from  each 
analysis  was  saved  and  transformed  into  a  256- 
channel  spectrum  for  close  examination.  This  also 


Table  3.  Response  factor  determinations  for  Cu, 
Zn,  As  and  Pb  based  on  the  SRM  2710  certified 
reference  material. 


Cw 

/M 

Pb 

Rosimnw  factor  (iiitonsi 

ily/concpnlralioii) 

Day  1 

12.0 

33.9 

1.09 

395 

Day  2 

11.9 

34.8 

0.90 

38.0 

Day  3 

125 

34.4 

1.04 

39.6 

Avi-rago 

12.1 

:i4.4 

1.01 

,39.0 

SlU.  dov. 

0.21 

0.45 

0.098 

0,90 

%  USD 

1.7 

1.3 

9.7 

2.3 

SRM  2710  (Oiufiitralioii  (ng/g) 

2V5()  nS.S;  h2h  SS.12 


3 


ii 

ll, 

1 


i 


/I 

■•r 


1 

! 


could  have  been  done  by  measuring  the  intensities 
from  the  original  2048-channel  spectrum.  The 
former  approach  was  used  because  it  is  easier  to 
measure  the  intensity  (counts)  of  smoothed  peaks, 
and  once  transformed,  six  spectra  could  be  dis¬ 
played  simultaneously.  Intensities  of  both  the 
baseline  and  the  peaks  of  interest  were  then  mea¬ 
sured  by  selecting  the  appropriate  spectrum  chem- 
nels.  This  was  accomplished  by  placing  a  cursor  on 
the  selected  channel  (ke  V)  and  recording  the  counts 
(intensity)  off  of  the  display.  Concentration  esti¬ 
mates  were  manually  determined  by  multiplying 
the  baseline-corrected  analyte  signal  intensity  by 
the  normalization  factor,  then  by  the  response 
factor.  Tlie  normalization  factor  is  the  product  of 
the  Compton  Kq  peak  intensity  for  the  certified 
reference  material  divided  by  that  of  the  samples. 


METHOD  EVALUATION 
Detection  limit 

The  sensitivity  of  this  instrument  for  the  deter¬ 
mination  of  Cr,  Cu,  Zn,  As  and  Pb  in  soil  was 
evaluated  for  an  empirical  coefficient  calibration 
and  for  the  manual  interpretation  of  peak  udensi- 
ties.  Both  procedures  used  the  method  detection 
limit  (MDL)  (Federal  Register  1984),  and  analyses 
wore  performed  using  the  .set  of  generic  soil  stan¬ 
dards  shown  ill  Table  2.  The  MDL  establishes 
detection  limits  based  on  the  standard  deviation  of 
replicate  measurements  multiplied  by  the  appro¬ 
priate  f  value  (one-sided)  for  n-l  degrees  of  free¬ 
dom  at  the  99%  confidence  level.  Table  4  shows  the 
results  for  the  seven  analyses  of  an  individual 
.sample  after  calibrating  the  instrument  over  a  high 
(10000-  to  0-pg/g)  and  low  (1000-  to  0-pg/g)  con¬ 
centration  range.  The  soil  standards  chosen  for 
repeated  analysis  had  reported  analyte  concentra¬ 
tions  of  approximately  1000  dg/g  for  the  high 
calibration  range  and  between  100  and  300  pg/g 
for  the  low  range.  Betweeneach  analysis  thesample 
was  removed  from  the  detector  and  shaken.  All 
analyses  were  performed  for  a  120-second  mea¬ 
surement  period. 

Analysis  of  reference  and  treated  material 
Several  materials  with  either  fortified  or  certi¬ 
fied  metal  concentrations  were  used  to  assess  the 
performance  of  the  response  factor/Compton  Kf, 
peak  normalization  analysis  method.  Table  5  lists 
the  certified  reference  materials  purchased  from 
cither  NIST  or  the  Resource  Technology  Corpora¬ 
tion  (RTC).  Those  purchased  from  NIST  have  cer- 


Table  4.  Method  detection  limits  (MDLs)  estab- 

lished  for  metals  in  soil  and  precision  of 

analysis 

for  samples  with  concentrations  near  1000  pg/g. 

a.  Method  detection  levels  (pg/g) 

Enipiriciil  calibration 

re, Ik 

iiitciisih/ 

Mftiil 

lUfJOO-l) 

1000-0 

(aiiiiils) 

Cr 

171) 

2()ll 

270 

Cu 

% 

,59 

.84 

7.n 

84 

11)0 

90 

As* 

49 

42 

41 

Pb^ 

57 

28 

48 

b.  Precision  and  accuracy  of  empirical  calibration  analysis 

Mi'ltil 

Acccpicil 

I'oioid 

%Rsn 

Cr 

12t>5 

1270+53'* 

4.2 

Cu 

949 

872±31 

.3.f, 

Tin 

922 

899+27 

3.0 

As 

491 

.5l)l)±l(i 

.3.2 

Pb 

937 

924118 

1.9 

*  As-K|i. 

+  i’b-Lit. 

“*  Avor.igc  .iiul  sl.iiut.ird  di'vialion  of  si’vi’ii  nnalyst’.s. 


tified  concentrations  for  the  total  amount  of  metal 
present,  whereas  the  RTC  materials  report  certi¬ 
fied  values  based  on  the  USEPA  SW846,  3000- 
series  metal  acid  extraction  procedures  (U.S.  ERA 
1986).  All  of  these  materials  were  air  dried  and 
have  an  average  particle  size  of  <600  gm.  Analysis 
was  performed  after  placing  4-  to  5-g  ejuantities  in 
a  31-mm-diameter  analysis  cup  with  a  0.2-mil 
polypropylene  X-ray  film  window. 

In  addition  to  the  certified  reference  materials, 
six  different  soils  were  spiked  with  Cr,  Cu,  Zn,  As 

Table  5.  Certified  reference  materials  used  in  the 
lest. 


NatioiwI  Institute  uf  Slfliidards  .iiHt  li’diiuiloj;y 
SRM1579.1 — Powdered  Lead  Based  Paint 
SRM27U4  -Buffalo  River  Si'diment 
SltM27(l9 — San  joaquin  Soil 
SRM2711) — Montana  Soil 
SKM27n — Montana  Soil 

Resourre  Teduioloj;y  Corporation 
CRMt)12 — Incinerated  Sludj^e 
CRMOl.S — Paint  Chips 
CRMOH — Baj'luiu.se  P)ust 
CRM02t) — Soil  (from  USLPA  Superfond  site) 
CRM()21 — Soil  (from  contaminaled  waste  site) 


I 


I 

j 


6 
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Table  6.  Characteristicii  of  the  laboratory-treated  soils. 


Crain  size'  Weight^ 


Matrix 

%  sand 

%  sill  and  clay 

(mm) 

(X) 

Ottawa  sand 

100 

0.4 

4 

Rocky  Mountain  Arsenal  soil 

NA 

NA 

NA 

4 

Lebanon  Landfill  soil 

45 

55 

0.3 

4 

CRRF.L  .soil 

NA 

NA 

NA 

4 

Tampa  Bay  sediments 

95 

5 

0.2 

4 

Tt.  Edwards  clay 

30 

70 

0.03 

2 

*  yS'/o  cul  off. 

t  weight  of  soil  subsample  spiked. 
NA — Not  analyzed. 


and  Tb  using  aqueous  atomic  absorption  stan¬ 
dards  (Spiltler  and  Fender  1979).  Some  of  tire  soil 
characteristics  and  thesubsampic  weights  treated 
are  shown  in  Table  6.  These  soils  were  r.ir  dried 
and  thoroughly  mixed  prior  to  subsamplmg.  Prior 
to  treatment  of  each  soil,  six  subsamples  were 
placed  into  inverted  3Tmm-diameter  analysis 
cups.  All  analyte  spikes  were  made  by  pipetting 
between  0.4  and  0.025  mL  of  concentrated  10,000- 
mg/L  aqueous  pure  element  standards  (AtiSAR/ 
Alfa,  Johnson  Matthey)  directly  onto  the  soil 
subsaniples.  An  analyte  spiking  sequence  was 
used  so  that  none  of  tlie  soil  subsamples  wore 
treated  with  the  same  concentration  twice  (Table 
7).  In  all,  six  cups  were  prepared  for  each  soil 
matrix,  five  of  which  were  spiked,  increasing  the 
Cr,  Cu,  Zn,  As  and  Fb  concentration  by  1000, 500, 
250, 125  or  0  pg/g;  one  served  as  the  matrix  blank. 
The  total  volume  of  solution  added  to  each  of  the 
subsamples  was  less  than  0.2  mL/g.  This  small 
volume  of  liquid  complett  ly  wetted  the  exposed 
surface  of  the  soil  subsamples,  with  the  exception 
of  the  one  that  had  70%  slit  and  clay. 

Once  treated,  the  uncovered  samples  were 
placed  in  an  oven  at  95“C  for  one  hour.  After 
heating,  the  partially  dried  soil  subsamples  were 


stirred  with  a  stainless  steel  spatula.  This  process 
broke  up  tlie  water-soaked  grains,  exposing  a 
greater  surface  area  and  starting  the  homogeniza¬ 
tion  process.  Then  the  subsamples  were  returned 
to  the  oven  for  an  additional  hour  of  drying.  After 
this  second  heat  treatment,  they  were  more  care¬ 
fully  stirred,  breakmg  up  any  clumps  of  soil  that 
formed  due  to  wetting.  When  no  clum  ps  remained 
and  the  soil  subsamples  were  well  mixed,  tlie 
bottom  of  thr>  analysis  cup  was  covered  with  a  0.2- 
mil  polypropylene  X-ray  coll  film. 

An  analysis  time  of  120  seconds  was  used  for 
Cu,  Zn  and  Pb  in  the  commercial  reference  mate¬ 
rials.  Determination  for  the  metals  in  the  labora¬ 
tory-prepared  soils  and  for  As  in  the  commercial 
reference  materials  required  300  seconds.  All  of 
the  values  for  Cu,  Zn,  As  and  Fb  were  established 
relative  to  the  SRM  2710  standard  by  using  the 
response  factor/ Compton  Koi  peak  normalization 
method.  Tables  8  and  9  show  the  measured 
Compton  Ku  peak  intensity  (counts),  along  with 
the  metal  concentrations  determined  for  each 
sample.  No  values  were  reported  for  Cr  because 
no  standard  reference  material  was  available  with 
a  total  certified  concentration  greater  than  the 
MDL  (270  pg/g.  Table  4). 


Table  7.  Treatment  scheme  for  spiking  soil  subsamples  with  metals. 


Siihsanijile 

Cr 

Cii 

Zn 

A,-.- 

Pb 

SI 

101)0 

125 

t) 

500 

250 

S2 

500 

250 

lOIM) 

0 

125 

S3 

2,50 

0 

125 

lOlH) 

500 

S4 

125 

1000 

500 

250 

0 

S,5 

0 

.500 

250 

125 

loot) 

M.ilrix  blank 

0 

0 

0 

0 

0 
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Table  8.  Analysis  of  commercial  reference  materials  based  on  single  standard  and 
Compton  Kq  peak  normalization. 


Metal  coneenlraliotis  (iig/g)  Compton 


Standard 

Cu 

Zn 

As 

Pb 

(counts) 

SRM  1579a 

119,950* 

29.6 

Powdered  lead  based  paint 

[lo0,000ir 

SRM  2704 

99 

438 

23 

161 

118 

Buffalo  River  sediment 

[31] 

(302) 

[26] 

1130) 

SRM  2709 

35 

106 

18 

19 

124 

San  Joaquin  soil 

[1051 

[911 

ND 

[18] 

SRM  2710 

2,950 

6,952 

626 

5,532 

101 

Montana  soil 

std" 

std 

std 

std 

SRM  2711 

114 

350 

105 

1,162 

121 

Montana  soil 

[167] 

[343] 

[138] 

[1,100] 

CRM  012 

3015 

635 

120 

56.4 

Incinerated  sludge 

[2,470] 

[342] 

1114) 

CRM  013 

643 

315 

Paint  chips 

[460] 

CRM  014 

1,914 

193 

liaghouse  dust 

[2,080] 

CRM  020 

753 

3021 

397 

5,195 

54,1 

Soil  from  Superfund  site 

[6H7] 

[4,420] 

[429] 

[5,070) 

CRM  021 

5,086 

574 

28 

23.7 

Soil  from  cont.  waste  site 

[8,7201 

[.549] 

ND 

*  Certified  value. 

+  Values  in  brackets  were  established  relative  to  the  SRM  2710  after  Compton  peak  normalization. 
•'  Certified  standard  used  for  response  factors. 


RESULTS  AND  DISCUSSION 

The  results  in  Table  4  show  that  the  MDLs  es¬ 
tablished  by  empirical  coefficient  calibration  or  by 
manually  measuring  peak  intensities  from  the 
transformed  spectra  fulfill  the  requirement  of  pro 
viding  detection  capabilities  <1000  |dg/g  for  Cr, 
Cu,  Zn,  As  and  Pb.  Tliis  table  also  shows  that  the 
percent  relative  standard  deviations  (%IiSDs)  for 
empirical  coefficients  analysis  of  analyte  concen¬ 
trations  around  1000  |dg/g  were  <10%.  Likewise 
the  %I^Us  for  the  response  factors  shown  forCu, 
Zn,  As  and  Pb  in  Table  3  were  below  10%. 

The  results  shown  in  Tables  8  and  9  demon¬ 
strate  the  usefulness  of  the  single  standard  and 
Compton  Ko(  normalization  approach  to  estimat¬ 
ing  Cu,  Zn,  As  tuid  Pb  concentrations  in  a  variety 
of  solid  particle  matrices  (i.o.  dust,  .uoil,  paint  chips 


and  sludge).  The  values  determined  for  the  certi¬ 
fied  reference  materials  (Table  8)  only  showed  two 
determinations  to  be  off  by  more  than  507o  for 
■samples  with  certified  concentrations  above  the 
csfablished  MDLs  (Table  4).  These  determinations 
were  for  Cu  both  m  the  GRM  2704  and  Cl^v4  021 
reference  materials.  The  high  Cu  value  for  the 
CRM  021  reference  material  as  established  by  the 
response  factor/Compton  K(x  peak  normalization 
method  is  not  necessarily  incorrect,  since  the  cer¬ 
tified  value  is  based  on  an  acid  extraction  that  may 
not  represent  the  total  amount  present.  In  general 
the  values  below  the  MDLs  were  also  in  good 
agreement  with  the  certified  concentrations.  Simi¬ 
larly  the  concentrations  determined  for  the  spiked 
soils  (Tabic  9),  after  removing  the  background 
values  (the  mean  of  the  0  |ig/g  standard  and  the 
blank  soil  matrix)  wlaen  they  were  found  to  be 


8 


Table  9.  Concentrations  ([ig/g)  of  Cu,  Zn,  As  and  Pb  determined  for  spiked 
soil  matrices. 


Metal  concentrations  (ng/g)  Cotiipfou 

t  iatcrial  - ic 

,  .. 


and  spike 

Cu 

Zn 

As 

Pb 

•'U 

('cuwfi/s) 

Ottawa  sand 

10()0  ppm 

1010* 

1020 

1420 

911 

157 

500  pprn 

534* 

458 

381 

411 

153 

250  ppiTi 

264* 

224 

324 

182 

154 

125  ppm 

132* 

127 

72 

139 

156 

0  ppm 

69 

ND 

ND 

ND 

149 

Matrix 

64 

18 

.4D 

10 

150 

Rocky  Mountain  Arsenal  soil 

1000  ppm 

897* 

1050 

1450 

960 

125 

500  ppm 

483* 

459 

608 

470 

124 

250  ppm 

209* 

245 

304 

211 

123 

125  ppm 

93* 

153 

105 

125 

125 

0  ppm 

76 

ND 

37 

ND 

123 

Matrix 

62 

2 

41 

23 

124 

Lebanon  Landfill  soil 

lOOOppm 

859* 

872 

988 

1192 

122 

SOOppm 

373* 

469 

536 

423 

119 

250ppm 

195* 

224 

305 

264 

119 

125ppm 

94* 

140 

78 

135 

119 

Oppm 

99 

2 

ND 

ND 

118 

Matrix 

70 

8 

ND 

24 

124 

CRREL  soil 

1000  ppm 

787* 

870 

782 

1030 

114 

500  ppm 

461* 

•  541 

635 

597 

112 

250  ppm 

250* 

247 

320 

178 

113 

125  ppm 

69* 

152 

26 

130 

114 

0  ppm 

86 

48 

48 

ND 

114 

Matrix 

62 

59 

ND 

18 

115 

Tampa  Bay  sediments 

lOOOppm 

842* 

939 

1350* 

936 

144 

SOOppm 

513* 

486 

560* 

526 

145 

250ppm 

250* 

213 

200* 

219 

143 

125ppm 

103* 

159 

73’ 

124 

145 

Oppm 

60 

11 

22t) 

7 

142 

Matrix 

71 

NU 

249 

ND 

147 

Ft.  Edwards  clay 

1000  ppm 

711* 

831 

906 

785 

99.9 

500  ppm 

289' 

454 

491 

344 

99.1 

250  ppm 

144* 

332 

229 

150 

98.3 

125  ppm 

142* 

171 

104 

103 

99.7 

0  ppm 

199 

81 

ND 

19 

98.1 

Matrix 

218 

80 

ND 

4 

98.3 

*  Average  of  1)  ppm  and  matrix  subsampics  subtracted. 


greater  than  tire  MDL,  were  almost  always  within 
■‘’0%  of  the  expected  values.  This  agreement  be¬ 
tween  expected  and  determined  concentrations 
occurred  even  tlrough  tlae  normalization  for  ma¬ 
trix  differences  (the  Compton  peak  n.irmaliza- 
tion)  rcmged  from  4.26  to  0.321 ,  a  relative  change  of 


more  than  400%.  Thus,  it  appears  that,  at  least  for 
tltc  XRF  analysis  of  these  four  metals,  the  majority 
of  analyte  sorption  or  enhancement  due  to  the 
matrix  can  be  accounted  for  by  Compton  fQ,  peak 
normalization. 

Furthermore,  since  the  estimated  metal  coricea- 
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trations  coincided  with  the  treatment  levels,  this 
technique  would  be  very  useful  for  locating  hot 
spots,  even  when  dealing  with  concentrations  well 
below  1000  pg/ g.  These  findings  support  the  con¬ 
cept  that  the  initial  screening  performed  for  Cu, 
Zn,  As  and  Pb  does  not  require  generic  or  matrix- 
matched  standards  or  an  instrument  capable  of 
performing  fundamental  parameter  analysis, 

Tltese  fmdings  do  not  diminish  the  need  for 
developing  site-spi'cific  standards  when  attempt¬ 
ing  to  obtain  the  greatest  accuracy  achievable  with 
XRF  analysis.  Both  empirical  coefficients  and  fun¬ 
damental  parameter  analysis  arc  clearly  capable 
of  providing  more  than  adequate  results  for 
screening  applications.  However,  if  soils  of  highly 
variable  composition  or  other  solid  particle  matri¬ 
ces  are  encountered  during  a  site  investigation, 
thereby  precluding  the  use  of  a  single  set  of  matrix- 
matched  standards,  the  Compton  Ka  peak  nor¬ 
malization  method  should  prove  to  be  effective 
w'ithout  compromising  the  overall  Rl/FS  objec¬ 
tive.  Similar  studios  have  been  planned  for  the 
analysis  of  chromium,  iron,  cobalt,  nickel,  mer¬ 
cury,  thallium,  selenium,  silver,  barium,  tin,  anti¬ 
mony  and  cadmium, 

CONCLUSION 

Determinations  of  Cu,  Zn,  As  and  Pb  in  a  vari¬ 
ety  of  soil  matrices  and  three  other  solid-waste 
particulate  materals  were  often  within  50%  of  the 
expected  values  using  a  single  certified  reference 
material  to  establish  the  instrumental  response 
factors  and  Compton  K«  peak  normalization  to 
account  for  matrix  differences.  This  alternative 
approach  to  XRF  metal  analysis  is  very  useful  and 
timely  when  screening  a  variety  of  matrices  dur¬ 
ing  RI/FS  activities. 
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